The equatorial Atlantic Ocean exhibits sporadic interannual fluctuations in zonal sea surface temperature (SST) gradients associated with westerly wind perturbations[@b1][@b2][@b3][@b4]. This dominant coupled ocean-atmosphere mode of behaviour is often considered the Atlantic equivalent of the Pacific El Niño and is hence referred to as the Atlantic Niño[@b1][@b2]. The Atlantic Niño peaks during the boreal summer (June-July-August), when intensified equatorial upwelling typically leads to the development of the cold tongue[@b5]. Atmospheric convection and circulation changes due to the Atlantic Niño can cause increased precipitation across the equatorial Atlantic and decreases over the Sahel[@b6]. Beyond the Atlantic sector, the Atlantic Niño can excite near-global scale tropical atmospheric teleconnections, causing shifts in weather regimes in parts of the Americas, Africa, the Mediterranean, India and beyond[@b6][@b7][@b8][@b9]. Indeed, a growing body of evidence shows that the equatorial Atlantic modulates, and could therefore enhance the predictability of, the equatorial Pacific events[@b2][@b10][@b11][@b12][@b13].

These far-reaching effects call for an improved understanding of the physical processes that underlie equatorial Atlantic variability. As in the case of the Pacific El Niño, the leading theory for the equatorial Atlantic Niño is based on Bjerknes dynamical feedbacks[@b1][@b2][@b3][@b14][@b15]. The theory postulates that zonal wind perturbations {*u*}\' over the western equatorial Atlantic can drive ocean currents and equatorial baroclinic waves that redistribute upper ocean heat content, thereby modulating SST change in the eastern basin. Studies motivated by the Bjerknes theory show that the peak phase of the Atlantic Niño in June-July-August is preceded by equatorial westerly wind perturbations ({*u*}\'\>0) (refs [@b1], [@b2]). However, compared with that of the Pacific, the Bjerknes coupling strength is of the order of 50% weaker[@b2][@b16] and {*u*}\' accounts for only ∼15--35% of observed equatorial Atlantic variability[@b17]. In addition to the Bjerknes theory, recent studies propose that intrinsic dynamics of equatorial deep zonal jets[@b18] and meridional advection of warm water from the north tropical Atlantic[@b17] contribute to Atlantic Niño variability. To date, all existing theories on the Atlantic Niño are largely inspired by dynamical thinking.

But how essential is dynamical coupling between the ocean and atmosphere to equatorial Atlantic variability? We explore this question by comparing simulations of two sets of experiments using 12 different climate models[@b19] (see Methods). The first set of experiments is based on state-of-the-art, fully coupled general circulation models (CGCMs) (full-CGCMs, hereafter), and in the second set, dynamical feedbacks are disabled by thermodynamically coupling the atmosphere to a 50-m deep slab of motionless ocean (slab-CGCMs). We show that thermodynamic mechanisms play dominant roles in both sets of experiments, accounting for 68±23% of observed equatorial Atlantic interannual SST variability in the slab-CGCMs, through the wind-evaporation-SST feedbacks[@b20]. The impact of coupling to a dynamical ocean model is to amplify the variability and the Niño-like spatial structure. We conclude that, driven largely by stochastic atmospheric forced heat and moisture fluxes, the Atlantic Niño is not different from a first-order autoregressive (AR(1)) process.

Results
=======

Equatorial winds preconditioning of the Atlantic Niño
-----------------------------------------------------

We first examine the relationship between the Atlantic Niño SST anomaly {*SST*}\' during its peak season of boreal summer and the preceding season near surface {*u*}\' over the western equatorial Atlantic Ocean as a measure of Bjerknes feedback in the full-CGCMs. We then introduce the slab-CGCMs and describe the contributions from thermodynamic feedbacks only.

The relationship between {*u*}\' and {*SST*}\' exhibits wide variations across the full-CGCMs ([Fig. 1](#f1){ref-type="fig"}). The {*u*}\'*\|*{*SST*}*\'* correlation is robust (*P*≤0.001) and of the same sign as observations for only six of the 12 models. As expected, models of overly strong {*u*}\'*\|*{*SST*}\' coupling (for example, GFDL-CM2.0, GFDL-CM2.1 and UKMO-HadGEM1) tend to overestimate equatorial Atlantic SST variability represented by the s.d. (*σ*{*SST*}*\'*) of the Atlantic Niño index. However, it is rather surprising that some models (CSIRO-Mk3.0 and MRI-CGCM2.3.2) with weak {*u*}\'*\|*{*SST*}\' coupling exhibit realistic *σ*{*SST*}\'. Indeed, even models with weak (ECHAM5/MPI-OM) and statistically significant (GISS-ER) but incorrect {*u*}\'*\|*{*SST*}\' correlation signs, can generate realistic *σ*{*SST*}\' of the Atlantic Niño.

Furthermore, some numerical models (for example, CGCM3.1_T47, GISS-ER and MRI-CGCM2.3.2) that simulate the correct structure of seasonality ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"})--- usually considered a distinctive feature of the Atlantic Niño[@b1][@b2]---fail to predict the expected {*u*}\'*\|*{*SST*}\' relationship. Indeed, the multi-model variance of equatorial Atlantic *σ*{*SST*}\' explained by the {*u*}\'*\|*{*SST*}\' coupling is only ∼37%, suggesting that processes other than the Bjerknes feedback may be key to equatorial Atlantic variability.

Thermodynamic forcing of the equatorial Atlantic Niño
-----------------------------------------------------

In reality, SST variability is caused by a combination of dynamical (three-dimensional temperature advection) and thermodynamic (surface net heat flux, in part driven by stochastic atmospheric perturbations) feedbacks on the ocean mixed layer. Indeed, recent studies have questioned the essence of ocean dynamics in generating the equatorial Pacific El Niño, concluding that thermodynamic feedbacks may be more important than previously thought[@b21][@b22][@b23][@b24]. However, the effect of stochastic atmospheric induced heat and moisture fluxes in the origin of the equatorial Atlantic Niño remains largely unknown and is thus examined in the present study.

The monthly Atlantic Niño index of the 12 slab-CGCMs exhibits strong variability (*σ*=∼0.28±0.07 K; for the full-CGCMs, *σ*=∼0.47±0.09 K). [Figure 2](#f2){ref-type="fig"} shows that the *σ*{*SST*}*\'* of the Atlantic Niño of the full-CGCMs (representing the total variability of the equatorial Atlantic ocean-atmosphere coupled system) is linearly dependent on the *σ*{*SST*}*\'* of the slab-CGCMs with no interactive ocean dynamics. The multi-model correlation coefficient is 0.96, corresponding to 92% of the explained variance. In comparison, the equatorial Pacific variability represented by the Niño-3 index exhibits more scatter with an explained variance of only 3%. This implies that while dynamical coupling in the equatorial Atlantic acts to amplify the *σ*{*SST*}*\'*, coupled dynamics in the Pacific tends to modify the SST variability.

We determined the proportions of the observed SST variability over the eastern equatorial Atlantic Ocean resulting from thermodynamic processes by computing the boreal summer ratios of the modelled *σ*{*SST*}\' to recent historical observations[@b25][@b26][@b27](1984--2013). The results show that 10 models have ratios of \>0.50, with the 12 slab-CGCMs ensemble-mean of ∼68±23%, suggesting that thermodynamic processes dominate the equatorial Atlantic interannual SST variability ([Fig. 2c](#f2){ref-type="fig"}). To put this result in context, similar ratios were calculated for the boreal winter peak season of the equatorial Pacific El Niño using the Niño-3 index. The corresponding ensemble-mean contribution of thermodynamic feedbacks for the Niño-3 region is considerably lower at ∼32±11% ([Fig. 2d](#f2){ref-type="fig"}).

The full-CGCM ratios were also plotted on the same axes of [Fig. 2c,d](#f2){ref-type="fig"}. The observed ocean mixed layer in the equatorial Atlantic exhibits marked annual cycles and is essentially shallow (\<50 m) in the Atlantic Niño region ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Thus, some models with deep mixed layer of generally \>50 m (for example, CCSM3, CGCM3.1_T47 and CGCM3.1_T63) tend to underestimate the observed *σ*{*SST*}\'. In contrast, for those models in which the thermodynamic component generate *σ*{*SST*}\' close to observations (for example, GFDL-CM2.0, GFDL-CM2.1, INM-CM3.0 and UKMO-HadGEM1), coupling to ocean dynamics leads to unrealistically strong amplitudes of the Atlantic Niño *σ*{*SST*}\'---given that the mixed layer depths are not much different from the observed. The ensemble-mean of the full-CGCMs reproduces the equatorial Atlantic SST temporal variability as may be expected from the consistency of the modelled mean mixed layer depths with observations.

To determine the comparative fidelity of the full-CGCM and slab-CGCM models in reproducing the observed spatial structure of the Atlantic Niño, we extracted the associated SST variability over the equatorial Atlantic Ocean (10°N--10°S, 20°E--60°W) as the leading empirical orthogonal function ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). This analysis essentially precludes that a model may still have an Atlantic Niño that is not the leading mode; we assume that if this occurs, it means that the model is unrealistic. The accuracy of the models is evaluated in relation to observations and the results quantified via second-order statistics[@b28].

Among the six models exhibiting realistic representation of equatorial Atlantic SST variability, defined as those falling within the third arc from observations, four (CCSM3, CSIRO-Mk3.0, GFDL-CM2.0 and GFDL-CM2.1) are slab-CGCMs and only two (INM-CM3.0 and MIROC3.2_medres) are fully coupled ([Fig. 3](#f3){ref-type="fig"}). These two full-CGCMs with a more realistic leading mode have both realistic *σ*{*SST*}\' and {*u*}\'*\|*{*SST*}\' coupling ([Fig. 1](#f1){ref-type="fig"}).

On the other hand, those full-CGCMs with realistic *σ*{*SST*}\' despite weak or incorrect {*u*}\'*\|*{*SST*}\' correlation (for example, CSIRO-Mk3.0, ECHAM5/MPI-OM, GISS-ER and MRI-CGCM2.3.2), fail to reproduce the observed spatial structure of the equatorial Atlantic SST variability. These results suggest that while thermodynamic feedbacks can generate strong *σ*{*SST*}\', the characteristic spatial structure of the Atlantic Niño could arise from coupled dynamics. Indeed, in most models (for example, CGCM3.1_T47, CGCM3.1_T63, GFDL-CM2.0, GFDL-CM2.1, INM-CM3.0, MIROC3.2_medres and UKMO-HadGEM1), coupling to ocean dynamics actually improves the spatial correlation with observations, but not the amplitudes of the SST variability. The implication is that, overall, the fully coupled models are no better than their thermodynamic counterparts in simulating the spatial structure of the Atlantic Niño.

Previous studies suggest that the Atlantic Niño exhibits interannual periodicity (see ref. [@b18] and references therein). However, as shown in [Fig. 4](#f4){ref-type="fig"}, the supposed interannual peaks of the observed and modelled monthly Atlantic Niño spectrum are hardly statistically different from an AR(1) process consistent with the spectrum in an earlier analysis[@b29]. A comparison of the modelled spectra reveals that rather than the widely discussed coupled dynamics, the AR(1) spectral properties of the equatorial Atlantic SST variability are well reproduced with thermodynamic feedbacks alone ([Fig. 4b--m](#f4){ref-type="fig"}), as predicted by simple stochastic climate models in which the ocean mixed layer integrates random atmospheric perturbations[@b30][@b31]. Coupling to ocean dynamics tends to increase the interannual, but not the low-frequency, variance of the Atlantic Niño, but the spectra retain their AR(1) character ([Fig. 4n--y](#f4){ref-type="fig"}).

Evolution and heat budget of the Atlantic Niño
----------------------------------------------

The above analysis clearly shows that thermodynamic processes are alone able to reproduce aspects of Atlantic Niño variability. Nevertheless, there remains a wide spread of model performance that is further exacerbated by coupling to a dynamical ocean model, as may be expected from larger mean biases of the full-CGCMs. Our aim is not to fully account for inter-model differences, but instead to investigate the physical processes involved. In this respect, we further analyse GFDL-CM2.0 (ref. [@b32]) as its thermodynamic configuration captures the space-time variability of the Atlantic Niño fairly well ([Figs 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}). The fully coupled configuration of GFDL-CM2.0 simulates strong {*u*}\'*\|*{*SST*}\'---suggesting that Bjerknes feedbacks operate in the model---in the equatorial Atlantic Ocean.

As shown in [Fig. 5](#f5){ref-type="fig"}, initial {*SST*}\' forms off southeastern tropical Atlantic Ocean; that is, the Benguela Niño sector at *t-*6 leading to the peak phase of the Atlantic Niño. In subsequent months, the maximum {*SST*}\' propagates north-westwards, amplifies to cover the equatorial Atlantic Ocean and then begins to decay. In the absence of ocean dynamics, the ocean mixed layer warming and cooling rates (the time derivative of temperature, ∂*T/*∂*t*) are governed entirely by net surface heat flux anomaly ({*Q*~NET~}\') driven by stochastic atmospheric perturbations. Thus, at *t--*6, the {*Q*~NET~}\' in the Benguela Niño area is associated with weakening of the trade winds and westerly wind perturbations ({*u*}\'\>0) in the equatorial region. The following months are marked by a progressive northward intensification of the westerlies and {*Q*~NET~}\' that drives the {*SST*}\'.

Observational studies show that net heat flux plays a significant role in the annual cycle of equatorial Atlantic Ocean SST[@b33][@b34][@b35]. Similarly, a modelling analysis shows that the interaction of SST with radiation and evaporation feedbacks can produce quasi-biennial equatorial Atlantic variability[@b36]. Some previous studies, however, suggest that interannual {*Q*~NET~}\' dampens rather than drive the {*SST*}\' in the region, although the explained variance is relatively low[@b37][@b38][@b39]. The upper ocean heat budget in the tropical Atlantic involves exceedingly complex feedback processes[@b4][@b17][@b18][@b36][@b40], and outcomes may depend on specific domains analysed. Furthermore, the evolution maps indicate that the relationship between {*Q*~NET~}\' and {*SST*}\' actually undergoes a phase change during the life cycle of the Atlantic Niño ([Fig. 5](#f5){ref-type="fig"}). The {*Q*~NET~}\' drives {*SST*}\' during the development stages. Once the peak phase is reached and the associated westerly and northerly wind anomalies decline, the relation is reversed and {*Q*~NET~}\' begins to reduce {*SST*}\', leading to the decay of an Atlantic Niño event. Thus, the {*Q*~NET~}\' averaged in the Atlantic Niño region is +28.58 W m^−2^ at *t--*2, −4.08 W m^−2^ at *t*=0 and −16.15 W m^−2^ at *t+*3.

The {*Q*~NET~}\' is determined by ocean-atmosphere feedbacks resulting from four different flux components, expressed here as anomalies: shortwave radiation {*Q*~SW~}\', longwave radiation {*Q*~LW~}\', latent heat {*Q*~LH~}\' and sensible heat {*Q*~SH~}\' (see Methods). The evolution of the {∂*T/*∂*t*}\' over the equatorial Atlantic Ocean during a typical Atlantic Niño year is closely reproduced by the {*Q*~NET~}\' such that the residual term is quite small ([Fig. 6a](#f6){ref-type="fig"}). Here {∂*T/*∂*t*}\' is largely controlled by shortwave radiation ({*Q*~SW~}\'=+15.83 W m^−2^) and by forcing from negative latent heat flux ({*Q*~LH~}\'=−14.35 W m^−2^) peaking at *t--*2 during the development phase of the Atlantic Niño. The {*Q*~LW~}\' and {*Q*~SH~}\' appear to play comparatively minor roles. Superimposed on the climatological-mean state, negative {*Q*~LH~}\' represents a suppression of evaporation due to a weakening of the trade winds, giving rise to net surface heating. Thus, the {*Q*~LH~}\' and {*Q*~NET~}\' tend to evolve together ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). Once the mature phase of Atlantic Niño is reached, {*Q*~LH~}\' also appears vital to the decay of the {*SST*}\'. The evolution of {*Q*~LH~}\' from negative to positive suggests that as the equatorial westerly perturbations weakens, the trade winds strengthen, thereby intensifying evaporative cooling and the decay of Atlantic Niño {*SST*}\'.

While these feedback mechanisms dominate in slab-CGCMs, in which ocean-atmosphere coupling is solely determined by thermodynamics, it is imperative to understand their relative contributions in a fully coupled model that also includes mixed layer temperature advection. Unlike the slab-CGCMs and earlier analysis[@b17] based on some assumed constant depths, we diagnose the heat budget of 500-year integration of the fully coupled configuration of GFDL-CM2.0 by explicitly accounting for the time evolution of the ocean mixed layer depth (see Methods). The GFDL-CM2.0 partly captures the annual cycle of the equatorial Atlantic thermocline consistent with observations[@b41] and reanalysis[@b42] data sets, although its shoaling is somewhat delayed ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}).

[Figure 7a](#f7){ref-type="fig"} shows that the peak of the sum of temperature advection and {*Q*~NET~}\' terms at *t*-2 results in the peak of {∂*T/*∂*t*}*\'* after a month, this phase-lag may be attributed to the inability of the monthly time series analysed to fully resolve the heat budget in time and neglecting other terms such as vertical advection and mixing. Nevertheless, the {*Q*~NET~}\' terms drive the SST change; the time average of {∂*T/*∂*t*}\' for the 2 months leading to the peak of the Atlantic Niño (2.1 *e*^−7^K s^−1^) is comparable with the sum of the advection and {*Q*~NET~}\' terms (2.0 *e*^−7^K s^−1^). On the other hand, the peak contribution of the zonal {*u*∂*T/*∂*x*}\' and meridional {*v*∂*T/*∂*y*}\' advection components in driving the ocean mixed layer temperature is delayed until *t*=0, suggesting that the Atlantic Niño event may be essentially triggered by the {*Q*~NET~}\' before coupled dynamics sets in ([Fig. 7c](#f7){ref-type="fig"}). Consistent with the results of the thermodynamic configuration of GFDL-CM2.0, the {*Q*~NET~}\' is largely controlled by {*Q*~SW~}\' and {*Q*~LH~}\' ([Fig. 7e](#f7){ref-type="fig"}).

We also conducted heat budget analysis for 500-year integration of the fully coupled configuration of MIROC3.2_medres which exhibits realistic Atlantic Niño seasonality, *σ*{*SST*}\' and {*u*}\'*\|*{*SST*}\' coupling and, among the 12 models studied, the 'best\' spatial representation of equatorial Atlantic SST variability. As shown in the right panels ([Fig. 7b,d,f](#f7){ref-type="fig"}), the results of MIROC3.2_medres are basically consistent with those of the GFDL-CM2.0 model. Here again, the missing terms (seen as the residuals in Methods) seem to delay the development of the peak {*SST*}\'---nonetheless, the {*Q*~NET~}\' terms appear as the driver, and in an integrated sense can explain most of the modelled {∂*T/*∂*t*}\'.

Discussion
==========

An analysis of numerical models of two different levels of ocean-atmosphere coupling suggests a dominant role of stochastic atmospheric forced heat and moisture flux in equatorial Atlantic variability. Recent studies based on *in situ* and satellite observations show that net surface heat flux is important for the development of the climatological-mean cold tongue[@b33][@b34][@b35]. Thus, it is not entirely surprising that interannual fluctuations of net heat flux could drive cold tongue SST variability.

The Atlantic Niño is typically preceded by changes in the southeast trade winds[@b1][@b2][@b3][@b4] associated with perturbations of the St Helena subtropical anticyclone and Benguela Niño evolution[@b43][@b44][@b45][@b46]. Here we hypothesize that these atmospheric fluctuations can generate the space-time structure and AR(1) spectrum of the equatorial Atlantic Niño via the wind-evaporation-SST feedback mechanisms[@b20][@b47], even under motionless ocean conditions. Coupled dynamics can further enhance the characteristic Niño-like structure and energize the interannual variance of the Atlantic Niño, via partly resolving the Bjerknes feedback and changes in mixed layer depth, and in some models this results in an overestimation of the observed variability.

The tropical Atlantic Ocean has experienced profound climate shifts[@b48][@b49][@b50] characterized by Niño-like warming trends along the climatological-mean axis of the cold tongue[@b50]. However, projections of tropical Atlantic climate change, which has implications for the marine ecosystems and socio-economy of the adjacent countries, are uncertain[@b50] partly due to major systematic biases of state-of-the-art models in reproducing the basic state[@b51][@b52][@b53][@b54]. Like the conventional Atlantic Niño, both the warming trends[@b50] and model systematic biases are most pronounced during the boreal summer[@b52] and exhibit Niño-like spatial structure[@b51][@b52][@b53][@b54]. The severe biases in mean state can cause unrealistic seasonal cycle in the full-CGCMs, whereas the seasonal cycle in the slab-CGCMs is realistic since it is heavily constrained by the *Q*~flux~ (see Methods), which is constructed using the observed SST. The Atlantic Niño may therefore, in reality, result largely from perturbations of the mean seasonal cycle[@b55][@b56]. Although we have not considered seasonality explicitly, we do find that a slab-CGCM can simulate the correct structure (not shown). This suggests that further work is required to identify the underlying mechanisms for Atlantic Niño seasonality.

The mean state biases can impact equatorial Atlantic variability, as has been discussed in some recent studies[@b54][@b57]. However, this relation is non-trivial and there is little evidence for a relation between the mean state biases and variability in our ensemble of coupled models (*R*^2^=0.04). The mean state biases have often been attributed to the atmospheric component of the coupled models; leading hypothesis implicates weakening of the trade winds[@b51][@b52]. By highlighting the importance of thermodynamic processes, in addition to the more often discussed dynamical feedbacks, our findings may allow for an improved understanding of these biases, and detection and attribution of tropical Atlantic climate change.

Aspects of the thermodynamically driven equatorial Atlantic variability discussed in this study---including its evolution and spatial characteristics---appear similar to the results reported for the Pacific El Niño[@b21][@b22][@b23][@b24]. Yet, we have shown that thermodynamic processes contribute far less proportion of the overall variance and have less linear control on the state-of-the-art model simulation of the equatorial Pacific event, compared to the Atlantic counterpart. Perhaps, the leading role of atmospheric induced heat and moisture flux explain why the predictability of equatorial Atlantic SST variability, considered a key variable for seasonal climate predictions[@b4][@b6], is comparatively low. While the predictability limit of tropical Atlantic SST variability estimated from observations is of the order of 5--8 months, that for the Pacific generally spans \>8 months[@b58].

If thermodynamic feedbacks constitute the main source of Atlantic Niño variability as described in this study, then potential dynamical predictability may actually be lower than currently thought. Thus, our results call for a re-thinking of the procedures for improving the modelling and predictions of equatorial Atlantic climate that may necessarily be thermodynamically motivated[@b59][@b60][@b61], and involving improved representation of atmospheric variability in the coupled models. In this regard, further modelling studies and enhanced observations are needed to confirm the relative importance of dynamical and thermodynamic processes in equatorial Atlantic variability.

Methods
=======

Observational SST data sets
---------------------------

The National Oceanic Atmospheric Administration Extended Reconstructed SST version 3b available for 2- × 2- longitude--latitude grids[@b25], the Hadley Centre Global Sea Ice and SST[@b26] version 1 (1- × 1-) and the Kaplan Extended SST[@b27] version 2 (5- × 5-) were analysed. Each data set was linearly de-trended via the least squares method and then the three bi-linearly interpolated onto 1- × 1- longitude--latitude grids to create an ensemble-mean.

Model selection
---------------

Twelve numerical models that contributed skin temperature---a proxy for SST---to the 'slab ocean control experiment\' of the CMIP3 and have integration lengths of ≥30 years were selected for analysis. The slab-CGCM integration lengths (in years) studied are as follows: CCSM3 (51), CGCM3.1_T47 (30), CGCM3.1_T63 (30), CSIRO-Mk3.0 (60), ECHAM5/MPI-OM (100), GFDL-CM2.0 (50), GFDL-CM2.1(100), GISS-ER (120), INM-CM3.0 (60), MIROC3.2_medres(60), MRI-CGCM2.3.2 (150) and UKMO-HadGEM1 (70). Description of these models and experimental designs are available from the CMIP website (http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php).

For each model, the final years of ('pre-industrial control experiment\') integration of the fully coupled configuration (full-CGCM) corresponding to the available length of the slab-CGCM were studied. As in the slab control experiment, greenhouse forcing was held constant in the pre-industrial control experiment and this allows us to explore the intrinsic variability, as the tropical Atlantic Ocean has exhibited marked warming trends[@b48][@b49][@b50].

Thermodynamic coupled model heat budget
---------------------------------------

In this modelling set-up, the time evolution of the SST is determined by the net heat flux (*Q*~NET~) based on the following thermodynamic equation:

where *ρ*, *h* and *C*~w~ are constants representing the sea water density, ocean mixed layer depth and specific heat capacity of ocean water (*ρ*=10^3^ kg m^−3^; *h*=50 m; *C*~*w*~=4 × 10^3^ J kg^−1^K^*−*1^), respectively, and where *T* is the SST. *Q*~SW~, *Q*~LW~, *Q*~LH~ and *Q*~SH~ denote net downward shortwave radiation at the ocean surface, net upward longwave radiation, surface latent and sensible heat flux, respectively. Note that *Q*~SW~ is positive downward, while the other fluxes are positive upwards. *Q*~flux~ is prescribed monthly climatological-mean ocean heat flux, which contributes to the annual cycle but does not drive SST variability. *R* is a residual term that denotes the sum of boundary flux errors from averages over the Atlantic Niño region and high frequency variability not resolved by the monthly time series analysed. Thus, the variability of ∂*T/*∂*t* is governed by the terms on the right-hand side of the equation enclosed in square bracket \[\], which denotes the *Q*~NET~.

Fully coupled model heat budget
-------------------------------

Here in addition to the *Q*~NET~ terms, coupling to interactive ocean dynamics denotes the introduction of three-dimensional ocean water advection and thus the exclusion of the restoration term (*Q*~flux~). The temperature tendency is determined as follows:

where *u* and *v* are the horizontal ocean current velocities; and where the first two terms on the right-hand side represent zonal and meridional advection terms. *R* is a residual term that represents the sum of boundary flux errors from averages over the Atlantic Niño region, vertical temperature advection \[*w*∂*T/*∂z\] and unresolved physical processes (for example, diffusion, turbulent mixing and high frequency variability not resolved by the monthly time series analysed). In the fully coupled configuration, the mixed layer depth (*h*) is defined as the depth at which ocean temperatures are 0.5 K lower than those at the surface; thus, *h* changes in space and time. Following the approach of ref. [@b62], \[·\] is computed for each variable as the vertical average for the ocean mixed layer:

Once the heat budget terms were calculated, each was linearly de-trended, and the climatological-mean annual cycle removed to create an anomaly field {*·*}\' via the least squares method and domain-average was then computed for the Atlantic Niño region.

Mixed layer depth and thermocline
---------------------------------

Observed data sets on the climatological-mean ocean mixed layer depth estimated using the temperature criterion described above and thermocline (represented by the depth of the 20 °C isotherm) were taken from the World Ocean Atlas 1994 (WOA94) (ref. [@b41]), available online from: http://www.esrl.noaa.gov/psd/data/gridded/data.nodc.woa94.html. These data sets were analysed alongside those obtained from the European Centre for Medium-range Weather Forecasts Operational Ocean Reanalysis System 3 (ORAS3) (ref. [@b42]) for the period 1959--2009 (http://apdrc.soest.hawaii.edu/datadoc/ecmwf_oras3.php). Modelled mixed layer depth and thermocline were then computed from the historical ('climate of the twentieth century\') experiment of CMIP3 and analysed for the 45-year period from 1955 to 1999.

Atlantic and pacific Niño indices
---------------------------------

The Atlantic Niño index was computed as the domain averaged SST anomaly over the equatorial Atlantic Ocean (3°N--3°S, 0--20W). The Niño-3 index, determined as the domain-average at 5-N--5-S, 90-W--150-W, was used to represent eastern equatorial Pacific El Niño.

Significance tests
------------------

We determined the statistical significance levels based on the two-tailed *P* values using Student\'s *t-*test, except for the Atlantic Niño spectrum in which significance was estimated as the (lower and upper) 95% confidence bounds of the theoretical AR(1) spectrum using the lag-1 autocorrelation function.
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![Effect of the equatorial Atlantic westerly wind perturbations on Atlantic Niño variability in fully coupled models.\
(**a**) Correlation between the {*u*}\' averaged over the western equatorial Atlantic Ocean (2°N--2°S, 10°W--40°W) during March-April-May (MAM) and {*SST*}\' averaged over 3°N--3°S, 5°W--15°W during June-July-August (JJA), following the approach of ref. [@b17]. The {*u*}\' at 925-hPa was analysed for models (CCSM3, CSIRO-Mk3.0 and ECHAM5/MPI-OM) for which the surface winds were not available from the Coupled Models Intercomparison Project, phase 3 archive. Red dots denote statistical significance at *P*≤0.001. Horizontal black line denote mean observational results[@b17]. (**b**) Standard deviations of the Atlantic Niño SST index (*σ*{*SST*}\') in JJA. Horizontal black line denote observational data sets estimates. In each panel, the abscissa shows the model names.](ncomms9895-f1){#f1}

![Multi-model linearity of thermodynamic feedbacks in the eastern equatorial Atlantic and Pacific oceans and modelled proportions of the observed variability.\
(**a**,**b**) Relationship between the monthly Atlantic Niño (3°S--3°N, 0--20°W) and Pacific Niño-3 (5°S--5°N, 90--150°W) *σ*{*SST*}\' from slab-CGCMs and full-CGCMs. (**c**,**d**) Atlantic Niño and Pacific Niño-3 model/observation ratio of the *σ*{*SST*}\'. Blue bars denote the ratios for full-CGCMs; light-pink, slab-CGCMs. A ratio of \>1.0 denotes an overestimation of observed variability of ∼0.40 K and ∼0.95 K for the Atlantic Niño and Pacific Niño-3, respectively. Panels c and d are based on the JJA and December-January-February (DJF) seasonal means, respectively.](ncomms9895-f2){#f2}

![Comparative evaluation of the spatial patterns of equatorial Atlantic {*SST*}\' simulated in thermodynamic and fully coupled control experiments.\
For each model, the leading empirical orthogonal function of the {*SST*}\' is computed for the equatorial Atlantic Ocean (10°N--10°S, 20°E--60°W), and the spatial pattern determined by regressing the {*SST*}\' onto the associated time series. The radial coordinate denotes the magnitude of total s.d., normalized by the observed value; the angular coordinate represents the correlation with observations[@b25][@b26][@b27]. Distances between 'obs\' denoting observed point and any model point is proportional to the r.m.s. model error. Outliers (defined as models with negative correlations and/or *σ*\>1.65) are listed below the plot. 1-CCSM3; 2-CGCM3.1(T47); 3-CGCM3.1(T63); 4-CSIRO-Mk3.0; 5-ECHAM5/MPI-OM; 6-GFDL-CM2.0; 7-GFDL-CM2.1; 8-GISS-ER; 9-INM-CM3.0; 10-MIROC3.2(medres); 11-MRI-CGCM2.3.2; 12-UKMO-HadGEM1.](ncomms9895-f3){#f3}

![Observed and modelled spectra of Atlantic Niño.\
(**a**) Observed[@b25] monthly spectrum of the Atlantic Niño index for 1984--2013. Panels (**b**--**m**) Atlantic Niño spectra simulated by the slab-CGCMs. (**n**--**y**), Atlantic Niño spectra simulated by the full-CGCMs. The model names are indicated on the bottom left corner of each panel. For the observations and models, the thick back curves represent the Atlantic Niño spectra; solid blue curves denote the AR(1) spectra; dashed blue curves, the 95% confidence bounds of the AR(1) spectra.](ncomms9895-f4){#f4}

![Surface net heat flux and winds associated with Atlantic Niño in the thermodynamic configuration of GFDL-CM2.0.\
Evolution maps of monthly anomalies of SST (colour scale: unit, K), *Q*~NET~ (contours: unit, W m^−2^) and winds (arrows: unit, m s^−1^) regressed on the Atlantic Niño index fixed at *t=*0, corresponding to July. Dashed black box indicate the Atlantic Niño domain defined by ref. [@b1]. Thick black arrows represent statistically significant (*P*≤0.05) wind anomalies. The net heat flux is contoured at an interval of 5 W m^−2^; positive (negative) values indicate that the ocean mixed layer is gaining (loosing) heat.](ncomms9895-f5){#f5}

![Atlantic Niño heat budget in the thermodynamic configuration of GFDL-CM2.0.\
(**a**) Composite evolution of anomalies of the ∂*T/*∂*t* (dashed curve) and *Q*~NET~ (solid curve). (**b**) Individual terms of *Q*~NET~: composite anomalies of *Q*~SW~ (blue, dashed), *Q*~LW~ (blue, solid), *Q*~SH~ (green, solid) and *Q*~LH~ (green, dashed). Composites are based on a +1.0*σ* of the Atlantic Niño SST index at lag *t*=0 for July. Note that *Q*~SW~ is defined positive downward, while the other fluxes are defined positive upwards. Dots denote statistical significance at *P*≤0.05.](ncomms9895-f6){#f6}

![Atlantic Niño heat budget in fully coupled configurations of GFDL-CM2.0 and MIROC3.2_medres models.\
(**a**) Composite evolution of anomalies of ∂*T/*∂*t* (solid curve) and the sum of advection and *Q*~NET~ terms (dashed curve). (**c**) individual temperature advection terms: composite anomalies of the *u*∂*T/*∂*x* (pink, dashed) and *v*∂*T/*∂*y* (blue, solid). (**e**) Q~NET~ terms: composite anomalies of *Q*~SW~ (blue, dashed), *Q*~LW~ (blue, solid), *Q*~SH~ (green, solid) and *Q*~LH~ (green, dashed). Note that *Q*~SW~ is defined positive downward, while the other fluxes are defined positive upwards. The composites are based on a +1.0*σ* of the Atlantic Niño SST index at lag *t*=0 for July; dots denote statistical significance at *P*≤0.05. Similar plots are shown on the right panels (**b**,**d**,**f**) based on the MIROC3.2_medres for +1.0*σ* composites of the Atlantic Niño SST index at lag *t*=0 for the month of peak seasonality, June.](ncomms9895-f7){#f7}
